
1 
 

Elemental sulfur-based autotrophic denitrification and denitritation: 1 

microbially catalyzed sulfur hydrolysis and nitrogen 2 

conversions 3 

 4 

Author names and affiliations: Anastasiia Kostrytsia1*, Stefano Papirio2, Luigi Frunzo3, 5 

Maria Rosaria Mattei3, Estefanía Porca4, Gavin Collins4, Piet N. L. Lens5, Giovanni 6 

Esposito1 7 

1 Department of Civil and Mechanical Engineering, University of Cassino and Southern 8 

Lazio, via Di Biasio 43, 03043 Cassino (FR), Italy 9 

2 Department of Civil, Architectural and Environmental Engineering, University of Naples 10 

Federico II, via Claudio 21, 80125 Naples, Italy 11 

3 Department of Mathematics and Applications “Renato Caccioppoli”, University of Naples 12 

Federico II, via Cintia, Monte S. Angelo, 1-80126 Naples, Italy 13 

4 Microbial Communities Laboratory, School of Natural Sciences and Ryan Institute, 14 

National University of Ireland Galway, University Road, Galway H91 TK33, Ireland 15 

5 UNESCO-IHE, Institute for Water Education, PO Box 3015, 2601 DA Delft, The 16 

Netherlands 17 

 18 

*Corresponding author: Anastasiia Kostrytsia. E-mail address: kostritsia@gmail.com. 19 

Present address: Department of Civil and Mechanical Engineering, University of Cassino 20 

and Southern Lazio, via Gaetano Di Biasio 43, 03043 Cassino (FR), Italy.  21 



2 
 

ABSTRACT: The hydrolysis of elemental sulfur (S0) coupled to S0-based denitrification and 22 

denitritation was investigated in batch bioassays by microbiological and modeling approaches. In the 23 

denitrification experiments, the highest obtained NO3
--N removal rate was 20.9 mg/l·d. In the 24 

experiments with the biomass enriched on NO2
-, a NO2

--N removal rate of 10.7 mg/l·d was achieved 25 

even at a NO2
--N concentration as high as 240 mg/l. The Helicobacteraceae family was only 26 

observed in the biofilm attached onto the chemically-synthesized S0 particles with a relative 27 

abundance up to 37.1%, suggesting it was the hydrolytic biomass capable of S0 solubilization in the 28 

novel surface-based model. S0-driven denitrification was modeled as a two-step process in order to 29 

explicitly account for the sequential reduction of NO3
- to NO2

- and then to N2 by denitrifying bacteria. 30 

 31 

KEYWORDS: Autotrophic denitrification; autotrophic denitritation; elemental sulfur; community 32 

structure; surface-based hydrolysis; mathematical modeling.  33 
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1. INTRODUCTION 34 

The removal of nitrate (NO3
-) and nitrite (NO2

-) is one of the main concerns in 35 

wastewater treatment plants. High-strength NO3
- wastewaters are produced by 36 

petrochemical, metal finishing, fertilizer and nuclear industries (Li et al., 2016). 37 

Contamination by NO3
- results in eutrophication and ecological disturbance of ground and 38 

surface water bodies (Sun and Nemati, 2012). Compared to NO3
-, NO2

- induces a higher 39 

toxicity towards aquatic life, including bacteria (Philips et al., 2002). Additionally, elevated 40 

NO3
- and NO2

- concentrations can lead to human health disorders such as infant 41 

methemoglobinemia, non-Hodgkin’s lymphoma and intestine cancer (Barrett et al., 2013; 42 

Liu et al., 2016). 43 

The conventional processes aimed at NO3
- and NO2

- removal are denitrification and 44 

denitritation, respectively. Generally, denitrification is performed by heterotrophic bacteria 45 

in anoxic environments and in the presence of organic compounds (Papirio et al., 2014; Zou 46 

et al. 2015). For the treatment of wastewaters poor in organics, autotrophic denitrification 47 

with chemically-synthesized S0 can be used alternatively. The main advantages of 48 

autotrophic denitrification and denitritation are: (1) inorganic compounds are used as 49 

electron donors, decreasing the risk associated with residual organics; (2) no external 50 

organic carbon is required to maintain the process, reducing the operating costs; (3) a lower 51 

cell yield results in less sludge production and, thus, lower sludge treatment costs; and (4) 52 

less N2O is generally produced (Zhang et al., 2015b; Zhou et al., 2015). 53 

The limited water solubility of chemically-synthesized S0 remains, however, a major 54 

obstacle to full-scale autotrophic denitrification applications (Park and Yoo, 2009). S0 is 55 
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solely taken up by denitrifying microorganisms after its solubilization and diffusion into the 56 

cells (Moraes and Foresti, 2012). Because of the rather insoluble properties of the S0 57 

particles, a preliminary hydrolysis to make S0 soluble and bioavailable occurs (Wang et al., 58 

2016). Some sulfur-oxidizing bacteria are capable of S0 solubilization to bioavailable 59 

polysulfide (Sn
2-) or thiol-bound sulfane sulfur atoms (GSSnH), which can be further 60 

transported into the periplasm and oxidized to SO4
2- (Wang et al., 2016). The bacteria from 61 

the genera Thiobacillus, Sulfurimonas and Ignavibacteriales have been found to dominate 62 

the consortia in autotrophic denitrification with S0 (Zhang et al., 2015a). However, the 63 

bacterial communities involved in the dissolution of S0 as well as S0-driven autotrophic 64 

denitrification and denitritation need to be further studied. 65 

Most mathematical models simulating chemolithotrophic denitrification with S0 are 66 

single-substrate and one-step denitrification models, which account for direct NO3
- 67 

conversion to dinitrogen gas (N2) linked to S0 oxidation (Batchelor and Lawrence, 1978; 68 

Qambrani et al., 2015). However, some studies demonstrated that the production of NO2
- 69 

during the autotrophic denitrification decreases the overall process efficiency (Park and 70 

Yoo, 2009). The feed pH, the source of electron donor, the sulfur to nitrogen (S/N) ratio 71 

and the microbial community structure affect the extent of the NO2
- accumulation 72 

(Christianson et al., 2015; Du et al., 2016; Guerrero et al., 2016). Besides, also nitrous 73 

oxide (N2O) can be produced (Liu et al., 2016). Recently, an autotrophic denitrification 74 

kinetic model with S0 as electron donor has been developed (Liu et al., 2016). Nonetheless, 75 

none of these studies explicitly modeled the likely rate limiting step, i.e. the solubilization 76 

of S0 (Sierra-Alvarez et al., 2007). 77 



5 
 

The main objective of this research was to investigate the solubilization of 78 

chemically-synthesized S0 and the subsequent S0-driven autotrophic denitrification and 79 

denitritation in batch bioassays. The composition and performance of the microbial 80 

community of both suspended biomass and the biofilm onto the S0 lentils involved in the S0 81 

solubilization during denitrification and denitritation were investigated. Based on the 82 

experimental evidence, a model accounting for the microbially catalyzed surface-based S0 83 

solubilization and two-step denitrification is proposed. 84 

 85 

2. MATERIALS AND METHODS 86 

2.1 Enrichment of Biomass 87 

The autotrophic denitrifying biomass used in this study was enriched for 3 months 88 

in serum bottles using activated sludge collected from the denitrification basin of the 89 

municipal wastewater treatment plant (WWTP) of Cassino (Italy) as inoculum. The 90 

concentration of suspended volatile solids (VS) of the activated sludge was 4.2 g/l. The tap 91 

water basal medium contained the following components (per l): 0.4 g NH4Cl, 0.3 g 92 

KH2PO4, 0.8 g K2HPO4, 0.021 g MgCl2⋅6H2O. Trace elements were supplied from a stock 93 

solution (10 ml/l). The trace element solution was prepared by dissolving the following 94 

compounds in a solution (per l): 1.5 g nitrilotriacetic acid disodium salt (C6H7NNa2O6), 3.0 95 

g MgSO4⋅7H2O, 0.5 g MnSO4, 1.0 g NaCl, 0.1 g FeSO4⋅7H2O, 0.1 g CaCl2⋅2H2O, 0.1 g 96 

CoCl2⋅6H2O, 0.13 g ZnCl, 0.01 g CuSO4⋅5H2O, 0.01 g AlK(SO4)2⋅12H2O, 0.01 g H3BO3, 97 

0.025 g Na2MoO4⋅2H2O. 98 
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The activated sludge was maintained in suspension and added to each bottle with a 99 

10% (v/v) amount. NO3
- and NO2

- were used separately as electron acceptors at a 100 

concentration of approximately 225 mg/l as NO3
--N and NO2

--N in each bottle. S0 lentils 101 

(particles with an average size between 2 and 4 mm and a S0 content of approximately 99%, 102 

purchased from a local agricultural supply store) were used as both electron donor and 103 

carrier for the growth of the denitrifying biomass. 2.1 g of S0 (corresponding to 54 ± 8 104 

sulfur lentils) was added to each bottle. pH was adjusted to 7.5 by using 1 M NaOH. CaCO3 105 

was added as buffer and carbon source with a S0:CaCO3 (g/g) ratio of 1.5. 106 

Each bottle was purged with helium gas for 3 min to exclude free oxygen and 107 

background nitrogen, and then sealed with a rubber stopper and an aluminum crimp. 108 

Finally, all the bottles were placed in a water bath at 30 (± 2)°C and on a gyratory shaker at 109 

300 rpm. The enrichment was subcultured every three weeks or as soon as NO3
--N or NO2

--110 

N degradation stopped. An enrichment was considered stable when the obtained 111 

denitrification or denitritation rates of the subcultures varied by less than 5%. 112 

 113 

2.2 Kinetic Experiments 114 

Three batch experiments were carried out to study the kinetics of S0-driven 115 

autotrophic denitrification (NO3
-and S0), denitritation (NO2

- and S0) and simultaneous 116 

denitrification-denitritation (NO2
-, NO3

- and S0) coupled to S0 solubilization in 125 ml glass 117 

serum bottles with a working volume of 100 ml. Table 1 reports the operating conditions. 118 

The basal medium and trace elements were added to each bottle at the same concentrations 119 

as in the enrichment phase. An initial suspended VS concentration of 1.0 g/l was used. S0 120 

lentils were supplied in a concentration of 21 g/l. 14 g/l of CaCO3 was provided according 121 



7 
 

to the S0:CaCO3 (g/g) ratio of 1.5. Controls without biomass were performed to evaluate 122 

possible abiotic reactions between S0 and NO3
- or NO2

-. Additionally, controls without 123 

electron donor (S0) or electron acceptor (NO3
- or NO2

-) were carried out to estimate NO3
- 124 

and NO2
- degradation or S0 oxidation, respectively, not associated with autotrophic 125 

denitrification or denitritation. The purging and sealing of the bottles were performed as 126 

during the enrichment phase. All the bioassays were performed in triplicate. The serum 127 

bottles were placed on a gyratory shaker (300 rpm) at a controlled temperature of 30 (± 128 

2)°C. 129 

 130 

Table 1. Experimental conditions used in the batch experiments investigating S0-driven denitrification 131 

(NO3
--N and S0), denitritation (NO2

--N and S0) and simultaneous denitrification-denitritation (NO2
--N, 132 

NO3
--N and S0) at 30 (± 2)°C and 300 rpm. 133 

Experiment 

Initial concentration (mg/l) 

pH 
NO2

--N NO3
--N Total N 

Suspended 

VS 

Denitrification (NO3
-and S0) 30 210 240 1000a 7.4±0.1 

Denitritation (NO2
- and S0) 240 - 240 1000b 7.4±0.1 

Denitritation and denitrification 

(NO2
-, NO3

- and S0) 
110 60 170 1000a 7.3±0.1 

NO3
-- and NO2

--free control - - - 1000c 7.5±0.1 

S0-free controls 

- 210 210 1000a 7.5±0.1 

240 - 240 1000b 7.5±0.1 
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Abiotic controls 
- 210 210 - 7.5±0.1 

240 - 240 - 7.5±0.1 

a Microbial source: biomass enriched on NO3
--N and S0, see Section 2.1 134 

b Microbial source: biomass enriched on NO2
--N and S0, see Section 2.1 135 

c Microbial source: raw activated sludge (non-enriched) 136 

 137 

2.3 Microbial Community Analysis 138 

The total bacterial DNA was extracted in triplicate from both the suspended biomass 139 

and biofilm attached onto the S0 particles (S0 lentils) of each batch bioassay at the 140 

beginning and the end of the experiments according to the protocol by Griffiths et al. 141 

(2000). The extracted DNA was quantified by a UV-Vis spectrophotometer (NanoDrop 142 

Technologies, Wilmington, USA) prior to being stored at -20°C for subsequent molecular 143 

analysis. Samples of DNA were sent to FISABIO (Valencia, Spain) for high-throughput 144 

sequencing of the 16S rRNA gene on an Illumina MiSeq platform. Forward and reverse 145 

primers for PCR were 515f and 806r, respectively (Caporaso et al., 2010). A total of 146 

492111 raw sequences were obtained from the samples. Sequence screening, alignment to 147 

Silva (v.123) database, clustering, chimeras removal and taxonomic classification were 148 

performed using Mothur v1.39.3 (Schloss et al., 2009). Each dataset was subsampled to the 149 

lowest read count (n = 31192) and all analyses were based on the final subsampled data 150 

sets. A threshold of 1% was employed to define rare or abundant taxa. Raw sequence data 151 

were deposited as FASTQ files in the National Center for Biotechnology Information 152 

(NCBI) with the accession number SRP126842. 153 

 154 
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2.4 Sampling and Analytical Methods 155 

Samples of the liquid phase were taken with 5-ml disposable syringes and needles to 156 

avoid oxygen transfer into the bottles. Sampling was performed once per week during the 157 

enrichment phase and twice a day in the batch kinetic experiments. Prior to and at the end 158 

of the batch kinetic experiments, 10 ml of the liquid phase was taken for VS determination. 159 

Simultaneously, 2 g of mixed solid (S0 lentils and CaCO3 particles) was removed for 160 

visualization of biofilm formation on its surface as well as VS analysis. All the liquid 161 

samples were filtered with 0.2 μm cellulose membranes (Merck Millipore, USA) and stored 162 

at -20°C prior to analysis. NO3
-, NO2

-, S2O3
2- and SO4

2- concentrations were analyzed by 163 

ion chromatography (IC) using a 883 Basic IC Plus (Metrohm, Switzerland) equipped with 164 

a 4-mm Metrosep A Supp 5-150 column, a Metrosep A Supp 4/5 guard column and a 863 165 

Compact autosampler. Dissolved oxygen (DO) was measured with a Multi 3410 DO-meter 166 

(WTW GmbH, Germany), equipped with a FDO-925 DO sensor. pH and temperature were 167 

measured using a Sentix 940-3 probe. VS were measured according to the Standard 168 

Methods (APHA, 2011). 169 

Adhering cells on the surface of the mixed solids were visualized by means of 170 

scanning electron microscopy (SEM). The fixation of the mixed solids was carried out in 171 

2.5% glutaraldehyde with 0.2 M sodium cacodylate buffer (Sigma-Aldrich, Germany) at 172 

4°C for 16 h. Subsequently, the fixed particles were dehydrated through a graded series of 173 

50-100% ethanol. Finally, the samples were gold-sputter coated and mounted onto stubs 174 

and viewed in a S2600N variable pressure scanning electron microscope (Hitachi, Japan). 175 

 176 

2.5 Model Development and Numerical Approach 177 
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A kinetic model simulating S0-based two-step denitrification coupled to S0 178 

dissolution and its further oxidation is proposed. The model considered the activities of two 179 

microbial species: the autotrophic denitrifying bacteria using NO3
- or NO2

- as electron 180 

acceptors and a hydrolytic biomass growing on the S0 lentils. The model evaluated the 181 

interactions between the related physical and biochemical processes, S0 solubilization and 182 

S0-based denitrification and denitritation (Figure 1). S0-driven autotrophic denitrification 183 

was modeled as a two-step process: the sequential conversion of NO3
- to NO2

- with its 184 

further reduction to N2 by denitrifying bacteria was considered (Mattei et al., 2015a). The 185 

kinetics of nitric oxide (NO) and nitrous oxide (N2O) formation and reduction were 186 

neglected due to time-scale considerations (Sin et al., 2008). 187 

 188 

Figure 1. Schematic representation of the proposed model for S0 solubilization and two-step 189 

denitrification. S0: elemental sulfur, Sb: bioavailable sulfur, NO3
-: nitrate, NO2

-: nitrite, N2: dinitrogen 190 

gas, SO4
2-: sulfate, X1: hydrolytic biomass and X2: denitrifying biomass. 191 

 192 

The dissolution of chemically produced S0 is known to be the rate-limiting step for 193 

autotrophic denitrification (Liu et al., 2016; Sierra-Alvarez et al., 2007). The specific 194 

surface area is the key parameter for the microbial hydrolysis of insoluble compounds 195 
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insofar it is related to the number of bacteria attached onto their surface (Esposito et al., 196 

2011a; Vavilin et al., 2008). Therefore, the biological surface-based solubilization of S0 197 

was explicitly modeled prior to its oxidation to SO4
2-. S0 uptake was modeled by 198 

introducing a new state variable, the bioavailable sulfur (Sb), which represents the soluble 199 

compound produced by the hydrolytic biomass and eventually taken up by denitrifying 200 

bacteria for further oxidation to SO4
2-. The model did not account for potential redox 201 

processes involved in the S0 solubilization, as the hydrolytic biomass was not considered to 202 

remove NO3
- or NO2

-. 203 

The model equations were derived from mass conservation principles and 204 

formulated in terms of two microbial components, namely the hydrolytic X1 and 205 

denitrifying X2 biomasses, and six reacting components considered simultaneously: 206 

elemental sulfur S1, bioavailable sulfur S2, nitrate S3, nitrite S4, nitrogen gas S5 and sulfate 207 

S6. The equations were expressed as follows (or as matrix in Table S1 in Supplementary 208 

Material): 209 

 210 
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 220 

where k1 denotes the hydrolysis kinetic constant for S1; a* represents the mass specific area; 221 

K1 the volume specific half-saturation constant for S1; kd,i  the decay constant of species i; 222 

Yi,j, Ki,j and µi,j
max denote the yield, the half-saturation constant and the maximum growth 223 

rate of species i on substrate j, respectively; K0 represents the efficiency growth coefficient 224 

for X1; r1 and r2 are the stoichiometric S2 to S3 and S2 to S4 ratios, respectively. The values 225 

of Y2,3, Y2,4, K2,2, K2,4, r1, r2, kd,1 and kd,2 were adopted from previous studies (Liu et al., 226 

2016; Sierra-Alvarez et al., 2007; Sin et al., 2008; Xu et al., 2016). The optimal values of 227 

µ2,3
max and µ2,4

max were deducted from both the denitrification and denitritation experiments 228 

(Table 2). 229 

 230 

Table 2. Stoichiometric and kinetic parameters of the developed model for two-step autotrophic 231 

denitrification with S0. 232 

Parameter  Value Unit Source 

Stoichiometric parameters 

𝑌 ,  Yield coefficient for X2 on S3 0.25 mg VS/mg N Xu et al., 2016 
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𝑌 ,  Yield coefficient for X2 on S4 0.28 mg VS/mg N Xu et al., 2016 

𝑟  S2 to S3
 stochiometric ratio 1.2 mg S/mg N Sierra-Alvarez et al., 2007 

𝑟  S2 to S4 stochiometric ratio 0.55 mg S/mg N Sierra-Alvarez et al., 2007 

Kinetic parameters 

𝐾  Efficiency growth coefficient for X1  0.1 mg VS/mg S This study 

𝜇 ,  Maximum growth rate for X2 on S3 0.0067 1/d This study d 

𝜇 ,  Maximum growth rate for X2 on S4 0.0058 1/d This study d 

𝐾 ,  Half-saturation constant for S2 0.215 mg S/l Liu et al., 2016 

𝐾 ,  Half-saturation constant for S3 36 mg N/l This study e 

𝑆∗ The threshold value for S3 35 mg N/l This study d 

𝐾 ,  Half-saturation constant for S4 40 mg N/l Xu et al., 2016 

𝑆∗ The threshold value for S4 37 mg N/l This study e 

𝐾  
Volume specific half-saturation 

constant for S1 
5.1 1/dm This study 

𝑘  Hydrolysis kinetic constant 0.12 mg S/mg VS∙d This study 

𝑎∗ Mass specific area 0.0008164 dm /mg Calculated 

𝑘 ,  Decay rate coefficient for X1 0.0006 1/d Sin et al., 2008 

𝑘 ,  Decay rate coefficient for X2 0.0006 1/d Sin et al., 2008 

d Denitrification experiments 233 

e Denitritation experiments 234 

 235 

Eq. (3.1) governs the dynamics of S1 solubilization and is newly formulated as a 236 

modified surface-based kinetic equation to account for the hydrolysis of S1 by X1 (Esposito 237 

et al., 2011b; Hills and Nakano, 1984). The concentration and specific surface area of the 238 

Commentato [SP1]: stoichiometric 

Commentato [SP2]: stoichiometric 
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substrate to be hydrolyzed (S1) as well as the concentration of the hydrolytic biomass (X1) 239 

are identified as key parameters affecting the hydrolysis rate. 240 

In Eq. (3.2), the first term describes the formation of S2 as a result of S1 hydrolysis 241 

and the last two terms are expressed as double-Monod kinetics to represent the 242 

consumption of S2 by X2. Eq. (3.3) reproduces S3 reduction to S4, Eq. (3.4) describes the 243 

formation of S4, which is further converted to S5 according to Eq. (3.5). The two terms in 244 

Eq. (3.6) account for S6 production via S3 and S4. Eqs. (3.7) and (3.8) describe the synthesis 245 

of new biomass as a result of substrate consumption and the decay of bacterial cells. Eq. 246 

(3.7) couples hydrolysis to the growth of X1. Note that the Monod-type kinetics describing 247 

the bioconversion rates of X2 in Eq. (3.8) include nitrite S3
* and nitrate S4

* threshold 248 

concentrations, which account for the inability of X2 to grow below these values (Mattei et 249 

al., 2015b). The optimal values of S3
* and S4

* were estimated from the denitrification and 250 

denitritation experiments and were equal to 35 and 37 mg N/l, respectively. The ordinary 251 

differential equations (3.1) - (3.8) constituting the model were integrated by using an 252 

original code developed on the MATLAB platform based on the Runge-Kutta method. The 253 

comparison between the simulated results with the measured data was performed by 254 

evaluating the index of agreement (IoA) according to Esposito et al. (2011b). 255 

 256 

3. RESULTS AND DISCUSSION 257 

3.1 Kinetics of S0-Based Denitrification and Denitritation 258 

The evolution of the NO3
--N, NO2

--N and SO4
2--S concentration during the 3-week 259 

batch experiments is shown in Figure 2. Standard deviation values were below 5%. During 260 
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the S0-driven autotrophic denitrification (Figure 2A), NO3
--N was first reduced to NO2

--N, 261 

which was consequently converted into N2. 62% of NO3
--N was transformed into NO2

--N. 262 

The highest obtained removal rate for NO2
--N (νNO2- N), which amounted to 8.0 mg NO2

--263 

N/l·d, was 2.6 times lower than that of NO3
--N (νNO3- N) (Table 3). Nitrite accumulation 264 

was most likely attributed to a higher activity of the NO3
--N reduction enzyme compared to 265 

the NO2
--N reduction enzyme, as also reported elsewhere (Du et al., 2016; Sun and Nemati, 266 

2012). The highest obtained NO3
--N removal rate of 20.9 mg NO3

--N/l·d was about 5 times 267 

higher than that of a Thiobacillus denitrificans culture enriched on S2O3
2- by Di Capua et al. 268 

(2016). 269 

 270 

Table 3. The highest NO3
--N and NO2

--N removal rates in S0-driven autotrophic denitrification and 271 

denitritation obtained using S0 and biomass enriched on NO3
--N and NO2

--N. 272 

f Microbial source: biomass enriched for 3 months on NO3
--N and S0 273 

g Microbial source: biomass enriched for 3 months on NO2
--N and S0 274 

h NO3
--N reduction rate (mg NO3

--N/l·d) 275 

i NO2
--N accumulation rate (mg NO2

--N/l·d) 276 

j NO2
--N reduction rate in the presence of NO3

--N reduction (mg NO2
--N/l·d) 277 

k NO2
--N reduction rate in the absence of NO3

--N reduction (mg NO2
--N/l·d) 278 

Experiment νNO3- N h νNO2- N, ACCU i νNO2- N j ν'NO2- N k 

Denitrification (NO3
-and S0) f 20.9 13.0 8.0 - 

Denitritation (NO2
- and S0) g - - - 10.7 

Denitritation and denitrification 

(NO2
-, NO3

- and S0) f 
4.5 - 2.8 11.6 
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 279 

Figure 2. Kinetics of (A) denitrification, (B) denitritation, and (C) simultaneous 280 

denitritation and denitrification coupled to S0 oxidation in batch experiments using NO3
--N, 281 

NO2
--N and NO3

--N with NO2
--N, respectively, as electron acceptors and S0 as electron 282 

donor and biomass carrier at 30 (± 2)°C and pH of 7.4 (±0.2). NO3
--N ( ), NO2

--N (283 

) and SO4
2--S ( ) concentrations profiles. 284 
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After 6 d of incubation in the kinetic tests, NO2
--N accumulated up to 85 mg/l and 285 

resulted in a drop of the NO3
--N removal rate to 7.0 mg/l·d. This might be attributed to the 286 

inhibition effect of NO2
--N on the activity of the denitrifying biomass. In other studies, the 287 

inhibition of denitrification has been observed at NO2
--N concentrations above 30 mg/l 288 

(Guerrero et al., 2016). The higher NO2
--N tolerance of the microbial consortia obtained in 289 

this study was likely due to an acclimation of 90 d, i.e. longer than the 60 d used by Di 290 

Capua et al. (2016). 291 

After the first 2 weeks of experimentation, the NO3
--N removal efficiency reached 292 

up to 75%, resulting in a NO2
--N accumulation up to 100 mg/l. A higher NO2

--N 293 

accumulation is generally achieved when using S0 as electron donor for autotrophic 294 

denitrification due to the low solubility of the S0-based substrate (Campos et al., 2008; 295 

Sahinkaya et al., 2015; Simard et al., 2015; Soares, 2002). To increase the S0 solubilization 296 

rate, S0 particles with a higher specific surface area should be used, such as chemically 297 

synthesized S0 powder (Di Capua et al., 2016). This both guarantees a better contact 298 

between the S0 particles and the microorganisms and improves the S0 dissolution kinetics 299 

(Sierra-Alvarez et al., 2007). 300 

The denitritation kinetics were further studied in the presence of NO2
--N as the sole 301 

electron acceptor in order to investigate the potential of the biomass enriched on NO2
- to 302 

reduce high NO2
- concentrations (Figure 2B). The NO2

--N removal rate was 10.7 mg/l·d 303 

(Figure 2B), i.e. 1.3 times higher than that observed when NO3
--N and NO2

--N were 304 

concomitantly present, likely due to a longer acclimation of the biomass to NO2
- (Figure 305 

2B). The denitrifying bacteria were capable of removing up to 81% of NO2
--N, similarly as 306 

observed by Sun and Nemati (2012). A NO2
--N concentration as high as 240 mg/l did not 307 
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have detrimental effects on denitritation. Therefore, the biomass enriched on NO2
- could be 308 

used to remove high NO2
- concentrations. For instance, the use of such acclimated biomass 309 

is recommended when NO2
- considerably accumulates during S0-driven autotrophic 310 

denitrification treating high-strength NO3
- wastewaters. 311 

In order to study the effect of high NO2
--N concentrations on denitrification, NO2

--N 312 

and NO3
--N were simultaneously fed in concentrations of 110 and 60 mg/l, respectively 313 

(Figure 2C). During the first 10 d, the NO3
--N removal efficiency was 67%. 314 

Simultaneously, NO2
--N removal occurred at a rate of 2.8 mg/l·d (Table 3). After 10 d, the 315 

NO2
--N removal rate increased up to 11.6 mg/l·d, demonstrating that the denitrifying 316 

bacteria initially preferred to use NO3
--N as electron acceptor compared to NO2

--N. 317 

Additionally, the presence of NO3
--N could inhibit the synthesis and activity of NO2

--N 318 

reductase (Philips et al., 2002). When NO3
--N removal stopped, denitrifying bacteria were 319 

still capable of removing NO2
--N (Figure 2C), as also reported elsewhere (Kilic et al., 320 

2014; Sierra-Alvarez et al., 2007). 321 

The maximum NO3
--N (20.9 mg/l·d) and NO2

--N (11.6 mg/l·d) removal rates 322 

coupled to S0 oxidation were in the same order of magnitude of those obtained in other 323 

studies (Kilic et al., 2014; Sierra-Alvarez et al., 2007; Wang et al., 2016; Zhou et al., 2015). 324 

Because of the low S0 water solubility and its bioavailability for microorganisms, the 325 

autotrophic denitrification and denitritation rates were lower compared to those obtained 326 

with other reduced soluble sulfur compounds such as S2O3
2- (Mora et al., 2014; Zou et al., 327 

2016). Therefore, the study of different sulfur sources with a higher bioavailability and a 328 

lower cost than chemically-synthesized S0 lentils, such as biogenic S0, might be of great 329 

interest for S0-driven denitrification and denitritation applications. 330 
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The SO4
2--S concentration was in good agreement with the theoretical SO4

2--S 331 

production according to the stoichiometry (Sun and Nemati, 2012), except at the end of the 332 

denitrification experiment (Figure 2). In the abiotic and electron donor-free controls, 333 

denitrification and denitritation were not observed (data not shown). 334 

 335 

3.2 Microbial Community Performing the S0-Based Denitrification and Denitritation: 336 

Suspended Biomass versus Biofilm Attached onto the S0 Lentils 337 

SEM analysis showed a strong biomass colonization on the S0 particles during both 338 

autotrophic denitrification and denitritation, demonstrating the potential of the S0 particles 339 

as a biomass carrier (Figure 3). The bacteria colonized the crevices of the S0 particles 340 

likely providing a protection from shear stress (Figure 3B). The close contact between the 341 

surface of the S0 particles and the bacteria in the form of biofilm (Figure 3C) likely 342 

provided favorable conditions for the solubilization of S0 to the intermediate soluble sulfur 343 

compounds, which were further oxidized to SO4
2-. No biofilm formation was observed onto 344 

the CaCO3 particles (Figure 3A). 345 

 346 
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 347 

Figure 3. SEM image of (A) S0 lentils (top right) and CaCO3 particles (top left and bottom 348 

left) with a 25 times magnification; (B) the center of S0 lentils with a 1.2·103 times 349 

magnification; (C) a 15·103 times magnification of the biofilm formed on the surface of S0 350 

lentils during the autotrophic denitrification and denitritation experiments. 351 
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Figure 4 shows the bacterial diversity of the suspended biomass and biofilm 352 

attached onto the S0 lentils at the family level analyzed by the MiSeq. The raw activated 353 

sludge collected from the municipal WWTP (Cassino, Italy) and used as inoculum 354 

contained a microbial community with 4.2, 4.0, 3.6, 3.2 and 2.9% of Comamonadaceae, 355 

Saprospiraceae, Chitinophagaceae, Propionibacteriaceae and rare families, respectively, 356 

in addition to 58.2% of unclassified families. Other families were present at a relative 357 

abundance below 2%. Despite the use of different electron acceptors, a similar community 358 

structure was observed in the experiments performed with NO3
- and NO2

-. This was also 359 

observed by Zhou et al. (2011), who operated anaerobic up-flow biofilters with digested 360 

sludge from a municipal WWTP as inoculum. 361 

Hydrogenophilaceae, with a relative abundance below 0.1% in the inoculum, was 362 

by far the largest family present in the kinetic experiments, both as suspended biomass and 363 

biofilm attached onto the S0 lentils with a relative abundance ranging between 36.7 and 364 

59.9%. Most members of the Hydrogenophilaceae family are chemolithotrophic using 365 

various inorganic electron donors such as reduced sulfur compounds (Rosenberg et al., 366 

2013). Previous research also demonstrated the predominance of Hydrogenophilaceae in 367 

the community structure during S0-oxidizing autotrophic denitrification (Zhang et al., 368 

2015a; Zhou et al., 2015) with T. denitrificans being the main species (Di Capua et al., 369 

2016; Kilic et al., 2014). 370 
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 371 

Figure 4. Relative abundance of bacterial families present in the raw activated sludge used 372 

as biomass source as well as microbial communities dominant in suspension and in the 373 

biofilm attached onto the S0 lentils at the beginning (initial) and the end (final) of the 374 

autotrophic denitrification (A), autotrophic denitritation (B) and simultaneous autotrophic 375 

denitrification-denitritation (C) experiments. 376 
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In the suspended biomass, Xanthomonadaceae, Comamonadaceae and 377 

Ignavibacteriaceae were present with a relative abundance of 6.3-19.9%, 3.2-18.7% and 378 

1.3-16.6%, respectively. Additionally, the families of Xanthomonadaceae, 379 

Comamonadaceae and Ignavibacteriaceae were also abundant in the biofilm attached onto 380 

the S0 particles with a relative abundance of 1.1-7.6%, 3.5-10.1% and 1.5-18.2%, 381 

respectively. Microorganisms belonging to the Xanthomonadaceae family are capable of 382 

NO3
- and NO2

- respiration using organic products from cell lysis as electron donors (Xu et 383 

al., 2015), which would justify their presence in the denitrifying bioassays (Figure 4). 384 

Comamonadaceae is a large and diverse bacterial family that includes anaerobic 385 

denitrifiers and has been reported in previous S0-based denitrification studies (Gao et al., 386 

2017; Hao et al., 2017). Ignavibacteriaceae was recently identified as being associated with 387 

S0-based autotrophic denitrifying processes (Zhang et al., 2015a, 2015b). 388 

In this study, the dominating microbial community structure including the 389 

Hydrogenophilaceae, Xanthomonadaceae, Comamonadaceae and Ignavibacteriaceae 390 

families was similar for denitrification and denitritation experiments. Hence, the same 391 

bacterial families were likely capable to tolerate NO3
-N and NO2

-N concentrations up to 392 

210 and 240 mg/l, respectively. 393 

In the biofilm attached onto the S0 particles, the distinct family of 394 

Helicobacteraceae was present with a relative abundance up to 37.1%. The high abundance 395 

of the bacteria belonging to this family in the biofilm (Figures 4A and 4B) was most likely 396 

associated with the S0 hydrolysis (Boyd and Druschel, 2013), which is the necessary step 397 

prior to S0-driven autotrophic denitrification or denitritation (Moraes and Foresti, 2012; 398 

Wang et al., 2016). Additionally, the presence of Helicobacteraceae was confirmed in the 399 
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simultaneous autotrophic denitrification-denitritation experiment (Figure 4C). Bacteria 400 

within the Helicobacteraceae family are known for their sulfur-oxidizing capacities in 401 

terrestrial and marine environments (Waite et al., 2017). 402 

Families belonging to the sulfate-reducing bacteria (SRB), e.g. Desulfobulbaceae, in 403 

the activated sludge and kinetic experiments were observed with a relative abundance 404 

below 1%. Additionally, lower SO4
2– concentrations than those determined by the 405 

stoichiometry were observed at the end of the denitrification experiments, similarly as 406 

illustrated by Di Capua et al. (2016). This discrepancy might be attributed to the activity of 407 

these SRB using organics from bacterial lysis as electron donor. SRB likely played no role 408 

in the denitritation experiments as NO2
--N at concentrations higher than 170 mg/l are 409 

detrimental for their activity (Show et al., 2013). 410 

 411 

3.3 Numerical Simulations of S0-Based Two-Step Autotrophic Denitrification 412 

Autotrophic denitrification and denitritation with S0 are promising and efficient 413 

processes for the treatment of drinking water or NO3
- and NO2

- contaminated wastewater 414 

poor in organics (Liu et al., 2016; Zhang et al., 2015a; Zhou et al., 2015). The limitation of 415 

using S0-based autotrophic denitrification and denitritation is associated with the low 416 

solubility of elemental S0 (Park and Yoo, 2009; Wang et al., 2016), which decreases the 417 

rates of the entire process. Therefore, this work proposes a novel modeling interpretation of 418 

the S0 solubilization step by hydrolytic microorganisms, prior to denitrification or 419 

denitritation. 420 

In the mathematical model proposed in this study, the values of µi,j
max (Table 2) 421 

were lower compared to those obtained by Liu et al. (2016), most probably due to the 422 
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different microbial characteristics and enrichment procedure. The value of µ2,3
max was 423 

slightly higher than µ2,4
max, resulting in a faster NO3

--N degradation than NO2
--N reduction 424 

and, thus, NO2
--N accumulation. Additionally, the similar values obtained for µi,j

max 425 

confirmed the presence of the same denitrifying bacterial biomass X2 in the denitrification 426 

and denitritation experiments. 427 

The dynamic simulations were compared with the experimental curves (Figures 5 428 

and 6). Panels (A) and (B) of Figure 5 refer to, respectively, NO3
--N removal during 429 

denitrification and NO2
--N removal in the denitritation experiments coupled to SO4

2--S 430 

production. Figure 6 shows the system dynamics of NO3
--N reduction with NO2

--N as an 431 

intermediate product of denitrification (denitrification experiment). 432 

 433 
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 434 

Figure 5. Experimental profiles and model predictions obtained for (A) the denitrification 435 

(initial condition: 210 mg/l of NO3
--N) and (B) denitritation (initial condition: 240 mg/l of 436 

NO2
--N) experiments using S0 as an electron donor. 437 

 438 
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 439 

Figure 6. Experimental profiles and model predictions obtained for the two-step autotrophic 440 

denitrification experiment using S0 as an electron donor. Initial conditions: 30 mg/l of NO2
--N and 210 441 

mg/l of NO3
--N. 442 

 443 

The model predictions matched reasonably well the measured data, except for the 444 

higher SO4
2--S production at the end of the experiments (Figure 5A). This was likely 445 

attributed to the development of a population of SRB in the presence of low amounts of 446 

organics from cell lysis, as SRB were present in the kinetic experiments (Figure 4). The 447 

influence of sulfate reduction on the mass balance of S-compounds during S0-driven 448 

autotrophic denitrification needs further investigation. For this, the inclusion of the co-449 

existence of denitrifiers and SRB in the model offers an elegant way to study these 450 

interactions. This was, however, out of the scope of the present study. A further extension 451 

of the model might be related to the explicit mathematical modelling of the biofilm growth 452 

onto the S0 lentils by using a continuum approach (D’Acunto et al., 2017). 453 
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The consistency between the simulated and experimental results (Figure 6) 454 

demonstrated that the proposed model was able to account for NO3
- reduction, NO2

- 455 

accumulation, biomass growth, S0 surface-based solubilization and oxidation during S0-456 

driven autotrophic denitrification. This was also confirmed by the high IoA values of 0.997, 457 

0.985 and 0.990 obtained for NO3
--N, NO2

--N and SO4
2--S, respectively. 458 

 459 

4. CONCLUSIONS 460 

In the denitrification experiments with S0, the highest NO3
--N removal rate of 20.9 mg/l·d 461 

was obtained. A NO2
--N removal rate of 10.7 mg/l·d was achieved even at a NO2

--N concentration of 462 

240 mg/l, when the biomass enriched on NO2
- was used. The Helicobacteraceae family was only 463 

present in the biofilm attached onto the S0 particles and was considered as the biomass capable of S0 464 

hydrolysis in the surface-based model. The two-step autotrophic denitrification kinetics were 465 

successfully simulated by the model as a sequential reduction of NO3
- to NO2

- and then to N2 by 466 

denitrifying bacteria. 467 

 468 
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